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Introduction {#sec1}
============

Alkene is one of the common and key chemical stocks, which is prevalent in natural ([@bib35], [@bib42]) and synthetic molecules ([@bib26], [@bib45], [@bib41]) with a wide spectrum of applications. Its practical and selective synthesis has drawn broad attentions in synthetic chemistry ([@bib37]). In this context, carbonyl olefination, alkene metathesis, and coupling reactions constitute the most general and widely used methods for the selective construction of C=C bonds ([@bib4], [@bib43]). Mechanistically, in the formation of alkenes via reactive intermediates, such as metal carbenes ([@bib16], [@bib60]), organometal species ([@bib6], [@bib2], [@bib1], [@bib52]), and cationic and radical intermediates ([@bib34]), the β-*H* elimination step is regarded as the key process for the selectivity control ([Figure 1](#fig1){ref-type="fig"}A) ([@bib43]). However, selective β-*H* elimination for the generation of terminal alkenes is still a great challenge in this content. Arguably, the formation of internal alkenes is usually favored via these conventional intermediates (see [Note S1](#mmc1){ref-type="supplementary-material"} for extended bibliography).Figure 1Strategies for the Desaturation(A) General approaches to alkenes via β-*H* elimination/shift.(B) Site-controlled desaturation.(C) Our proposal: ancillary group (AG)-assisted desaturation via novel and relative stable intermediate.(D) This work: formation of terminal alkenes via selective hydrogen transfer with the assistance of AG.

Recently, methods for the site-controlled desaturation via activating the inert C(sp^3^)-H bonds with the assistance of the embedded directing group (DG) or the tethered radical initiator (RI) have achieved great breakthrough ([Figure 1](#fig1){ref-type="fig"}B) ([@bib7], [@bib3], [@bib49], [@bib9], [@bib14], [@bib40], [@bib10], [@bib12], [@bib13]). Representative advances have been reported by Cekovic ([@bib7]), White ([@bib3]), Baran ([@bib49], [@bib9]), Gevorgyan ([@bib14], [@bib40]), and others ([@bib10], [@bib12], [@bib13]). Nevertheless, the selectivity control in the following β-*H* elimination step is still a big challenge in some cases, although the initial radical intermediate formation step has been enabled selectively. Inspired by these advances, we reasoned that, if the intermediate could be temporarily stabilized before the *H*-elimination, thus, by avoiding the general β-*H*-elimination process, an alternative pathway, a delayed and selective β′-H elimination, might be enabled to form the terminal alkenes with the assistance of a neighboring functional group (or named as ancillary group, AG) ([Figure 1](#fig1){ref-type="fig"}C).

As a continuation of our interest in the transformations of diazo compounds ([@bib25], [@bib56], [@bib58]), we envisioned that intermediate **A** ([Figure 1](#fig1){ref-type="fig"}D in dashed box), which is formed via the electrophilic addition of diazo compound to *aza*-*o*-QM ([@bib27], [@bib54], [@bib50], [@bib53]), is relatively stable and herein could act as a proper candidate for delaying the followed *H*-elimination based on previous observations ([@bib31], [@bib15], [@bib61]). In this protocol, the amino group was designed as the AG for the selective desaturation ([Figure 1](#fig1){ref-type="fig"}D in dashed box). At the stage, challenges are initially evaluated ([Figure 1](#fig1){ref-type="fig"}D in black box): (1) side reactions could take place from the *in situ* generated alkyl diazocompounds and the *aza-o*-QMs individually or in combination, which would disturb the formation of the intermediate **A**; (2) the formation of energetically favorable internal alkene; (3) the AG acts as the nucleophile, thus leading to the 5-membered *N*-heterocycle via intramolecular addition.

Results and Discussion {#sec2}
======================

We began our investigation by using hydrazone **2a** and *N*-(*ortho*-chloromethyl)arylamide **3a** as the model substrates. After the reaction mixture was stirred under natural light at 0°C to room temperature (rt) in 1,2-dichloromethane (DCE) for 10 h, all **2a** and **3a** were consumed. To our delight, the desired product **4a** was isolated in 43% yield together with the annulation product **13** in 15% yield ([Table 1](#tbl1){ref-type="table"}, entry 1). To indentify the internal alkene **4a′**, the crude reaction mixture was submitted to the proton NMR analysis and only trace of the internal alkene was observed (terminal:internal \>20:1, see [Figure S110](#mmc1){ref-type="supplementary-material"}). Besides, other observed side products may come from the decomposition of diazocompound **1a** and the dimerization of **3a** via *N*-alkylation reaction ([@bib57]). Then the reaction was conducted in the dark to decrease the decomposition of **1a**. However, the 2-allyl aniline **4a** was only yielded in 35% (entry 2), which indicates that the light might have a positive effect on this reaction, and the annulation product **13** was isolated in 18% yield. To verify the assumption, compact fluorescent light (CFL) was introduced, and the yield of **4a** was improved to 59%. Meanwhile, the yield of annulation product **13** was 13%, which is not significantly different under natural light or in the dark (entries 1 to 3). After that, we tried to reduce the reaction\'s temperature (from −20°C or −40°C to rt) to avoid the side reactions of **3a** (entries 4 to 5). Much to our delight, the by-product **13** was inhibited obviously (i.e., 8% yield in entry 4, and \<5% yield in entries 5--8), and the best results have been obtained in terms of yield when the reaction was conducted under CFL at −40°C to rt (entry 5, 80% yield, see also Method A in SI). Investigation of different inorganic bases could not enhance the yields (entries 6 and 7). To simplify the operation, we also conducted a one-pot method, using iodosobenzene as the oxidant instead of manganese dioxide, and the desired product **4a** could be isolated in 66% yield (entry 8, see also Method B in SI).Table 1Reaction Optimization![](fx2.gif)EntryVariation from the Standard Conditions[a](#tblfn1){ref-type="table-fn"}Yield (%)[b](#tblfn2){ref-type="table-fn"}4a131Under natural light, 0°C to rt43152In the dark, 0°C to rt35183Under CFL, 0°C to rt59134Under CFL, −20°C to rt7085Under CFL, −40°C to rt80\<56Na~2~CO~3~ as the base, under CFL, −40°C to rt73\<57*t*-BuOLi as the base, under CFL, −40°C to rt54\<58[c](#tblfn3){ref-type="table-fn"}PhIO instead of MnO~2~, Na~2~CO~3~ as the base, in one pot66\<5[^3][^4][^5]

With the optimized reaction conditions in hand (see also Method A in SI), we turned our attention to exploration of the scope of applicable hydrazones, and the results have been listed in [Scheme 1](#sch1){ref-type="fig"}. Hydrazones containing both electron-donating and electron-withdrawing groups on the aryl ring gave the desired products in high yields (**4a-4i**). Notably, the iodide substituent is tolerated well, which usually would not survive in the transition-metal-catalyzed transformations, generating the desired product **4g** in 76% yield. Moreover, both the alkynyl and alkenyl hydrazones are tolerated under current reaction conditions and produced the terminal-alkene products in \>80% yield (**4j** and **4k**). The 2-naphthyl and 2-thienyl hydrazones worked well, leading to the corresponding products **4l** and **4m** in 76% and 78% yields, respectively. The desaturated products **4n** and **4o** were generated smoothly in 83% and 78% yields from ethyl and cyclic hydrazones, and two isomers were detected in the case with **4n** (see [Figures S111](#mmc1){ref-type="supplementary-material"} and [112](#mmc1){ref-type="supplementary-material"}). Furthermore, the representative examples of L-menthol, 1,2,3,4-diacetone galactose, and cholesterol derivatives (**4p**-**4r**) smoothly delivered the corresponding products in good yield, which highlighted the applicability of this method for the late-stage modification of complex molecules. In addition, the reaction performed well on a gram scale (5.0 mmol) with synthetic useful yields (note c, 60% yield). We also demonstrated the results with the fungible one-pot method in a few examples. Generally, the reactions went smoothly albeit in slightly lower yields compared with the optimal method (note b, see also Method B in SI). The structure of product **4f** was confirmed by X-ray analysis (see [Table S1](#mmc1){ref-type="supplementary-material"}).Scheme 1Reaction Scope^a^Reaction conditions: **2** (0.45 mmol), MnO~2~ (8.0 equiv. based on **2**), MgSO~4~ (60.0 mg), and DCE (3.0 mL) was pre-stirred for 45 min, then the reaction mixture was filtered and the filtrate was injected to the oven-dried tube containing a magnetic stirring bar, **3** (0.15 mmol), and Cs~2~CO~3~ (2.0 equiv.) at −40°C under argon atmosphere. Then the reaction mixture was stirred under these conditions with the irradiation of visible light (8 W CFL) for 10 h, and the reaction temperature warmed up to rt slowly in this period of time. Yields are given in isolated yields.^b^Reaction conditions: conditions in [Table 1](#tbl1){ref-type="table"}, entry 8 was used. **2** (0.30 mmol), PhIO (0.30 mmol), **3** (0.15 mmol), Na~2~CO~3~ (0.30 mmol), and 4Å MS (50 mg) in DCE (2.0 mL). Yields are given in isolated yields.^c^The reaction was conducted on a 5.0-mmol scale.^d^The reaction was conducted in the absence of base.

Subsequently, a series of *N*-(*ortho*-chloromethyl) aryl amides **3** were explored. Arylamides with substituent at the benzylic position, including methyl and phenyl groups, underwent the transformation smoothly to give the corresponding products in high yields (**5a** and **5b**). Good tolerance for both electron-donating and electron-withdrawing groups on the different position of phenyl ring of **3** was observed, and the desired products were afforded in 76%--84% yields (**5c--5i**). Substituents on the sulfonyl part had little impact on the reaction, and corresponding products were isolated in high yields (**5j** and **5k**). In addition, substrate with *N*-CO~2~Bn group instead of *N*-Ts was examined, and the reaction proceeded smoothly to give **5l** in 65% yield. Moreover, the azadiene was also tolerated well in the transformation in the absence of the base, affording the product **5m** in 67% yield. Notably, the by-products (internal alkenes or annulation product) were not detected in all above cases.

Encouraged by the above results, we further explored this formal coupling reaction with carbonyl diazo compounds **6**, which are readily available and stable, as the starting materials in the absence of oxidant ([Scheme 2](#sch2){ref-type="fig"}, see also Method C in SI). Herein, minor optimization with Na~2~CO~3~ as the base rather than Cs~2~CO~3~ was applied in the absence of visible light (8 W CFL), and no obvious difference was observed when the reactions were conducted under the visible light or dark. A variety of diazoamides were first investigated, and both electron-donating and electron-withdrawing groups on the aryl ring of **6** generally gave the desired 2-allyl aniline products **7a--7d** in good yields (76%--84%). The sterically hindered *ortho*-methyl-substituted substrate **6e** afforded the product **7e** in moderate yield. The *N*-benzyl-protected diazoamide (**6f**) performed well and gave **7f** in 69% yield. In addition, the α-methyl diazoacetates and diazophosphonate were also tolerated under these conditions, and the corresponding alkenes were isolated in moderate to high yields (**7g--7j**).Scheme 2Scope of α-Methyl Diazo Compounds 6Reaction conditions: **6** (0.15 mmol), **3** (0.20 mmol), Na~2~CO~3~ (1.2 equiv., 25.4 mg) in DCE (2.0 mL) at 0°C under argon atmosphere for 8 h, and the reaction temperature warmed up to room temperature in this period of time.

Next, we turned our attention to other types of diazo compounds that do not have the α-methyl group, and the cyclized products **9** were obtained ([Figure 2](#fig2){ref-type="fig"}, see also Method D in SI). The α-phenyl diazoacetate **8a** generated the formal \[4 + 1\] product **9a** in 55% yield, and the residual of unreacted diazoacetate **8a** was recovered in 40% ([Figure 2](#fig2){ref-type="fig"}A). We also examined the ethyl diazoacetate **8b** (EDA) and diazoacetamide **8c**, and both delivered the isomerized products **9b** (see [Figure S113](#mmc1){ref-type="supplementary-material"}) and **9c** in 62% and 70% yields, respectively ([Figure 2](#fig2){ref-type="fig"}B). Besides, when diphenyl diazo compound **8d** was subjected to the optimized conditions, the annulation product **9d** was isolated in 45% yield contaminated with the internal olefin **9d′** in 50% yield ([Figure 2](#fig2){ref-type="fig"}C). Both the structures of **9a** and **9d**′ were confirmed by X-ray ([Figure 2](#fig2){ref-type="fig"}D, see also [Table S2](#mmc1){ref-type="supplementary-material"}).Figure 2Cyclization Transformations of 3a with Other Types of Diazo Compounds without the α-Methyl Group (A) With α-phenyl diazoacetate. (B) With ethyl diazoacetate (EDA) and diazoacetamide. (C) With diphenyl diazo compound. (D) X-ray diffraction of compounds **9a** and **9d**′.

Control experiments were subsequently conducted to verify the proposed reaction mechanism (see also Methods for mechanistic studies in SI). First, the intramolecular isotope labeling experiments show that the reaction undergoes a hydrogen transfer process (see [Figures S114](#mmc1){ref-type="supplementary-material"} and [S115](#mmc1){ref-type="supplementary-material"}). The intermolecular kinetic isotope effect (KIE) experiment (*k*H/*k*D = 1.4:1) shows that the hydrogen transfer process is not the rate-limiting step ([Figure 3](#fig3){ref-type="fig"}A, see also [Figure S114](#mmc1){ref-type="supplementary-material"}). Then **2a** was exposed under the 8-W CFL, and the hydrazine product was generated in 80% yield, which suggested the possibility of the existence of free carbene ([Figure 3](#fig3){ref-type="fig"}B) ([@bib44]). The parallel reactions were conducted, and the results are shown in [Figure 3](#fig3){ref-type="fig"}C. Variable from optimized conditions in [Table 1](#tbl1){ref-type="table"}, we carried out the template reaction in the dark, and the bishomoallylic amine **4f** was given in 55% yield ([Figure 3](#fig3){ref-type="fig"}C, condition A), whereas **4f** was obtained in 80% yield under optimal conditions in the presence of visible light ([Figure 3](#fig3){ref-type="fig"}C, condition B). Then preliminary radical-inhibition test was conducted. Partial inhibition was observed when TEMPO was added, and the yield of **4f** dropped to 40% yield ([Figure 3](#fig3){ref-type="fig"}C, condition C), which might be contributed via the non-radical pathway. Meanwhile, 70% yield of acetophenone (yield based on **1a**) was observed after the reaction, due to the oxidization of the free carbene by TEMPO. In addition, electron paramagnetic resonance (EPR) experiments were carried out ([Figure 3](#fig3){ref-type="fig"}D, see also [Figure S116](#mmc1){ref-type="supplementary-material"}). No obvious signal of the diradical spin adduct was observed when diazo compound (**1a**) was treated with **3a** in the presence of 5,5-dimethyl-1-pyrroline *N*-oxide (DMPO) at room temperature in dark. On the other hand, the EPR signal of the carbon-diradical spin adduct emerged after the reaction mixture was irradiated by 8-W CFL lamps for 5 min, which obviously strengthened in the following 20 min ([Figure 3](#fig3){ref-type="fig"}D, blue line). These experiments indicated that the visible light facilitates the reaction pathway via the radical process. On basis of the literature reports ([@bib5], [@bib18], [@bib21], [@bib23], [@bib46], [@bib59]) and the EPR signal, we deduced that the radical process may be involved under the visible light conditions.Figure 3Control Experiments and EPR Analysis(A) Kinetic isotope effect (KIE) experiment.(B) Control experiment in the absence of *aza-o*-QMs.(C) The parallel reactions under dark or in the presence of TEMPO.(D) Electron paramagnetic resonance (EPR) experiments.

Computational studies were carried out to gain a mechanistic insight on this selective formation of the 2-allyl aniline **4f** (see also Computational Methods in SI). The diazo substrate **2f** could undergo intermolecular electrophilic attack to the terminal alkenyl carbon of the *in situ* generated intermediate **3a′** to form an adduct ^**1**^**INT1** ([Figure 4](#fig4){ref-type="fig"}, the red line, path a). The optimized transition state (**TS**) of this step is shown as ^**1**^**TS1**. The predicted energy barrier is 11.5 kcal/mol relative to separated **2f** and **3a\'**. The formed ^**1**^**INT1** is very ready to release N~2~ via ^**1**^**TS2** to yield the corresponding cyclopropane derivative **INT2**. Computational study results indicate that it is very facile for **INT1** to convert to **INT2** via ^1^**TS2** along with the extrusion of N~2~ in a concerted manner. The direct N~2~ dissociation from **2f** (via ^**1**^**TS3**) to afford a free carbene intermediate (path a'), however, has a much higher energy barrier, which is unlikely to occur compared with the competitive intermolecular electrophilic addition process. Alternatively, a possible reaction route leading to **INT2** in the presence of visible light was also considered ([Figure 4](#fig4){ref-type="fig"}, the blue line, path b). Irradiated by visible light, the diazo compound **2f** might be excited to triplet state (^**3**^**2f**). Subsequently, the dissociation of N~2~ via ^**3**^**TS1b** could follow to yield the triplet carbene intermediate ^**3**^**INT1b**. Afterward, the formed ^**3**^**INT1b** could attack to the terminal alkenyl carbon of the *in situ-*generated intermediate **3a′** to form the intermediate **INT2** via ^3^**TS2b**. The predicted energy barrier of this step is only 7.3 kcal/mol. Thus, it is also feasible for the formation of **INT2** in the presence of light.Figure 4Energy Profile (in kcal/mol) for the Formation of INT2

It should be noted that the formed **INT2** might not be stable under the driving force of the aromatization and the ring strain release of the three-membered ring. Next, we evaluated two competitive processes, desaturation *versus* ring expansion, which were observed above. The hydrogen transfer from the methyl group attached to the three-membered ring to the *N* atom of the imine moiety can generate the unsaturated amine product **4f** (path a, [Figure 5](#fig5){ref-type="fig"}) and the \[1,3\] C-migration can lead to the cyclized product **9** (path b, [Figure 5](#fig5){ref-type="fig"}). The located **TS** for *path a* is shown as **TS4**, in which the C^3^ ... H bond distance is lengthened to 1.22 Å, whereas the H ... N distance is shortened to 1.52 Å. Meanwhile, the C^1^ ... C^2^ distance is lengthened to 2.29 Å ([Figure 5](#fig5){ref-type="fig"}A). The calculated ΔG^ǂ^ of the hydrogen transfer step is 8.0 kcal/mol relative to **INT2,** and the formed product **4f** is exothermic by 19.2 kcal/mol. The optimized **TS** of the \[1,3\] C-migration to form product **9** is shown as **TS5**, in which the C^1^ ... C^2^ distance is lengthened to 2.44 Å, whereas the C^2^ ... N distance is shortened to 2.80 Å ([Figure 5](#fig5){ref-type="fig"}B). The predicted energy barrier of *path b* is 11.4 kcal/mol, which is 3.4 kcal/mol higher in energy than that of *path a*. Therefore, computational results suggest that it is more feasible for **INT2** to form product **4f** via the redox-neutral hydrogen transfer pathway (it is consistent with the KIE experiment, see [Figure 3](#fig3){ref-type="fig"}A). In the cases of substrates without the adjacent C-H bond, the annulation product **9** could be formed via the \[1,3\] C-migration pathway. The carbocation intermediate is very unlikely to form as a key intermediate ([@bib47], [@bib39]), which cannot be located as a local minimum computationally, owing to the presence of highly nucleophilic negatively charged C^1^ and N atoms. Thus, this alternative mechanistic pathway is discarded. However, other possibility could not be totally ruled out so far.Figure 5Energy Profiles (in kcal/mol) for the Formation of 4f and 9 from INT2 (A) Optimized transition state of TS4. (B) Optimized transition state of TS5.

Recently, elegant cycloannulation reactions of *o*-QMs and diazo ketones/esters were reported by Schneider ([@bib47]) and Ryu ([@bib39]), independently. And corresponding cyclopropane derivatives are the key intermediates in these transformations. However, the manner of ring opening is different from ours. Besides, redox-neutral hydrogen transfer processes instead of intramolecular rearrangement ([@bib28], [@bib19], [@bib32], [@bib36], [@bib24], [@bib48], [@bib20]) thereafter took place in our protocol to form the desaturation products (see [Note S2](#mmc1){ref-type="supplementary-material"} for extended discussion). Moreover, the desaturation product of 2-allyl anilines are prized building blocks for the divergent synthesis of heterocycles through various transformations ([@bib30], [@bib29], [@bib51], [@bib22], [@bib8], [@bib17], [@bib33], [@bib38], [@bib55]). Yet the current methods for the synthesis of these motifs usually took a long synthetic route and with limited substrate scope ([@bib17], [@bib33], [@bib38], [@bib55]) (see [Note S3](#mmc1){ref-type="supplementary-material"} for extended discussion). This method provides a missing link in the synthesis of 2-allyl anilines with high control of the terminal selectivity and broad substrate generality under mild conditions.

To show the synthetic utility of this method, a variety of 5- and 6-membered *N*-heterocycles have be expeditiously synthesized with these obtained 2-allyl aniline products ([Figure 6](#fig6){ref-type="fig"}, see also Methods for further transformations in SI). Catalytic 5-*exo*-cyclization, which selectively promoted the formation of new C-N bonds in conjunction with vicinal C-CN ([@bib38]), C-Br ([@bib55]), C-O, C-H, or C-S bonds, delivered the corresponding functionalized indolines **10--14** in high yields. In addition, the 6-*endo*-cyclization products **15** and **16** were smoothly obtained in 70% and 82% yields under catalytic vicinal chlorination and reductive conditions, respectively. Owing to the limitation of diazo compounds, the di-alkyl-substituted alkenes were not directly delivered currently. However, they can be realized by the late-state modifications, i.e., the corresponding 2-allyl aniline **17** could be readily generated from **7a** with lithium aluminum hydride (LAH) in 70% yield, which further demonstrate the utility of our methodology. Comparing with the results of **16** and **17**, we reasoned that the product **16** may come from the annulation under the alkaline condition then reduction. To verify this assumption, the reaction of **7f** was conducted only under the basic condition, and the corresponding annulation product was observed. After screening the bases, we found that DBU is the best one for this annulation. This discovery was applied in the efficient synthesis of **18** (from the generated 2-allyl aniline **7j**), which could be further used for the synthesis of a leukemia inhibitor in three steps with high yields ([Figure 7](#fig7){ref-type="fig"}) ([@bib11]).Figure 6Versatile Transformations with Obtained 2-Allyl Anilines(A) BrCN, Et~3~N, Et~2~O, 0°C, 3 h, then B(C~6~F~5~)~3~ (20 mol%), PhMe, 100°C, 48 h.(B) 10 mol% BINAP(*S*), NBS, toluene/CH~2~Cl~2~, -78°C, 50 h.(C) m-CPBA, CH~2~Cl~2~, rt, 36 h.(D) NbCl~5~ (2.5 mol %), AgNTf~2~ (5 mol %), DCE, 80°C, 6 h.(E) CuCl (20 mol%), B~2~Pin~2~ (20 mol%), NFSI, CH~3~CN, 45°C, 15 h.(F) CaCl~2~ (0.50 mmol), Pd(OAc)~2~ (0.01 mmol) and H~2~O~2~ (30% aq wt.), HOAc, rt, 30 h.(G) LiAlH4, THF, 0°C to rt, 3 h.(H) LiAlH~4~, THF, 0°C to rt, 3 h.Figure 7Formal Synthesis of a Leukemia Inhibitor

Conclusion {#sec2.1}
----------

In summary, we have developed a novel visible-light-enhanced desaturation method for highly site-/regio-controlled synthesis of 2-allylic anilines. Mechanically, two reaction pathways, including a direct electronic addition of diazo compound and light-enhancing induced radical processes, may simultaneously contribute to the formation of closed-shell cyclopropane intermediate, followed by a ring opening and redox-neutral hydrogen transfer process to give the desaturated product. This desaturated approach provides a facile access to a wide range of 2-allyl aniline derivatives under mild conditions with good tolerance of functional groups. Notably, further applications in *N*-heterocycle construction, including 5- and 6-membered-ring with a variety of functional groups, have been explored as well, which show potential in diversity synthesis and drug discovery. Novel desaturation method could be envisioned with this AG-assisted hydrogen transfer strategy.

Limitations of the Study {#sec2.2}
------------------------

Owing to the limitation of diazo compounds, the di-alkyl substituted alkenes were not directly delivered currently.

Resource Availability {#sec2.3}
---------------------

### Lead Contact {#sec2.3.1}

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Xinfang Xu (<xinfangxu@suda.edu.cn>).

### Materials Availability {#sec2.3.2}

All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer Agreement.

### Data and Code Availability {#sec2.3.3}

The crystallography data have been deposited at the Cambridge Crystallographic Data Center (CCDC) under accession number CCDC: 1579217 (**4f**); 1579222 (**9a**); 1579218 (**9d′**) and can be obtained free of charge from [www.ccdc.cam.ac.uk/getstructures](http://www.ccdc.cam.ac.uk/getstructures){#intref0015}. Original/source data for [Schemes 1](#sch1){ref-type="fig"} and [2](#sch2){ref-type="fig"} together with [Figures 2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}, [6](#fig6){ref-type="fig"}, and [7](#fig7){ref-type="fig"} in the paper is available at <https://doi.org/10.17632/k23x374cz3.1>.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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